In the rd/rd mouse, photoreceptor degeneration is due to a mutation of the rod-specific enzyme cGMP phosphodiesterase, resulting in permanently opened cGMPgated cation channels in the rod outer segment membrane that allow Na ؉ and Ca 2؉ ions to enter the cell, resulting in possibly toxic levels of Ca 2؉ . To identify pathways involved in cell death of the rd/rd rods, we evaluated gene expression in the rd/rd and wild type (wt) mouse retina (U74A oligonucleotide arrays (Affymetrix)) over the known time course of photoreceptor degeneration. 181 genes passed the selection criteria (low standard deviation and high correlation between replicates), falling into six clusters. For any given pair of genes, an expression profile correlation distance and a semantic distance (one for each class of gene ontology terms) were established using newly designed software. Gene expression in rd/rd started to deviate from wt by postnatal day 10. The reduction in photoreceptorspecific genes followed the known time course of photoreceptor degeneration. Likewise the increase in transcription factors and apoptosis-and neuroinflammation-specific genes followed the kinetics of the rise in intracellular cGMP in the rod photoreceptors. In addition, genes coding for calcium-binding proteins and those implicated in tissue and vessel remodeling were increased. These results suggest that photoreceptor degeneration in the rd/rd mouse is a process starting with Ca 2؉ toxicity followed by secondary insults involving multidestructive pathways such as apoptosis and neuroinflammation, presumably boosting morphological changes. All of these components need to be addressed if rods are to be successfully protected.
Photoreceptors are very stable but at the same time extremely fragile cells (1) . Photoreceptor degeneration can be caused by any changes that alter the composition of the signal transduction cascade, influence the energy metabolism or the oxygen tension in the outer retina, or disturb the phagocytic process by the retinal pigment epithelium. In the rd/rd mouse, photoreceptor degeneration is due to an autosomal recessive mutation of the enzyme cGMP phosphodiesterase, which is an important component in the phototransduction cascade (2) . The genetic defect is due to the integration of a provirus (Xmv-28) into intron I of the ␤ subunit of the enzyme and subsequent incorrect splicing (3) . Degeneration starts at about P8, 1 which is the time point at which naturally occurring cell death starts in the wild type mouse (4) , and commences very quickly.
The resulting lack in cGMP phosphodiesterase activity causes a dramatic increase in cytoplasmic cGMP concentration (5) . This in turn results in permanent opening of the cGMPgated cation channels in the photoreceptor membrane, allowing the excessive entry of extracellular ions, particularly calcium. It has been suggested that this increase in intracellular calcium causes a metabolic overload of the cells, eventually leading to cell death by apoptosis (6) . Likewise it has been suggested that either disruption of the phototransduction cascade or its continued activation can lead to photoreceptor degeneration in humans (e.g. Refs. 7 and 8) .
With the advent of genomic technology, transgenic and double knock-out mice have been generated to determine which genes are involved in causing or preventing photoreceptor cell death in the rd/rd mouse (e.g. Refs. 9 -11). In addition, drug studies have been designed to identify factors that could delay or interfere with photoreceptor degeneration (e.g. Refs. 12-15), immunohistochemical analyses have been performed to describe changes in protein expression in the rd/rd retina (16, 17) , and calcium-induced cell death in a photoreceptor culture model has been studied to unravel the apoptotic pathway (64) . However, a clear picture has yet to emerge that describes the apoptotic pathways involved in photoreceptor degeneration in the rd/rd mouse.
To obtain a more complete view of potential pathways involved in cell death of the rd/rd mouse photoreceptors we evaluated gene expression over the known time course of photoreceptor degeneration in the rd/rd and wild type mouse retina. Our results indicate that the rd gene-triggered cell death alters the expression of genes involved in diverse cellular pathways including calcium homeostasis, catabolism, neuroinflammation, and tissue remodeling. Temporal gene expression profiles are discussed in the context of the cGMP and calcium accumulation and photoreceptor cell death kinetics. To conclude, a hypothetical transcriptional network is proposed that will require further validation in the future.
MATERIALS AND METHODS

Animals
These studies adhered to the Association for Research in Vision and Ophthalmology (ARVO) Statement for the Use of Animals in Ophthalmic and Vision Research as well as the Medical University of South Carolina regulations for the use of animals in medical research. C57BL/6 mice (wild type (wt)) were purchased from Harlan (Indianapolis, IN); the rd/rd mouse strain (on a C57BL/6 background) was a generous gift from Dr. Debora Farber (University of California, Los Angeles, CA). Animals were bred on homozygous backgrounds and raised in a 12-h light/12-h dark cycle with unlimited access to food and water.
RNA Preparation
All chemicals used in this study were at least molecular biology grade material and purchased from Fisher Scientific unless otherwise noted. Age-matched wt and rd/rd animals (P6, P10, P14, P17, and P21) were sacrificed by decapitation, and retinas were quickly isolated and stored in RNAlater (Ambion) at Ϫ20°C. Retinas from four animals per genotype per time point were pooled, and each data point was obtained in duplicate. Total RNA was isolated using TRIzol (Invitrogen) followed by a clean-up using RNeasy minicolumns (Qiagen). The quality of the RNA was examined by gel electrophoresis (to visualize the quantity and integrity of the 18 and 28 S ribosomal RNA bands) and spectrophotometry (accepting a 260/280 ratio of 1.95-2.1).
Microarray Procedures
Sample preparation for microarray hybridization was carried out as described in the Affymetrix Expression Analysis Technical Manual with minor modifications. Five micrograms of total RNA were used to generate double-stranded cDNA (Invitrogen), which was purified using phase lock gel columns (Eppendorf) followed by ethanol precipitation. The purified cDNA served as a template for the generation of biotinylated cRNA using the BioArray TM HighYield TM RNA transcript labeling kit (ENZO Diagnostics). The labeled probes were purified using the RNeasy minikit (Qiagen), fragmented (8 mol/liter Na ϩ -citrate buffer), and stored at Ϫ80°C. The length of the cRNA and fragmentation was confirmed by agarose gel electrophoresis. U74A oligonucleotide arrays (Affymetrix) containing ϳ6,000 genes (all sequences contained in the Mouse UniGene data base, Build 74) and ϳ6,000 expressed sequence tag clusters were used in this study. Hybridization with equal amounts of labeled cRNA (15 g/array) and readout were performed by the DNA Microarray Core Facility at the Medical University of South Carolina using the Affymetrix Fluidics Station.
Expression Estimation and Normalization
Gene chips were scanned using the Affymetrix scanner (Microarray Suite 5.0 software) to obtain probe level data. Outputs were scaled to a target intensity of 250. The raw Affymetrix data (absolute expression level and perfect match values) were normalized using a quantile normalization method, and gene expression levels were obtained using the positional dependent-nearest neighbor model, which integrates probe sequence information for estimating probe binding affinities to the target sequences on microarrays (18) . Parameters for filtering the differentially expressed genes are presented under "Results."
Functional Analysis
All algorithms and computations referred to in this section were implemented (or have already been implemented) in Matlab (Version 6.5), including its Statistics Toolbox. A complete description of the implementation of tools and the link to the program can be obtained from the author (65) .
Hierarchical Clustering-The mouse gene set was clustered by gene expression profiles. The distance between gene profiles was defined by the correlation distance. Hierarchical clustering was performed using unweighted pair-group average linkage (19) . The resulting dendrogram was divided into separate clusters. The cutting points were searched by identifying peaks in the distances between adjacent genes in the dendrogram order. Five multipeaks were identified and smoothed with a 3-point moving average.
Gene Ontology (GO) Annotations-The annotations for the mouse genome and the relation scheme between the GO terms used were obtained at the GO Consortium site (Gene Ontology Consortium 2000, www.geneontology.org). Annotations for molecular functions, biological processes, and cellular components were used separately.
Computation of Semantic Distances-The three annotation categories of function, process, and cell location were used. The following description of the procedure is valid for the three classes, and the procedure was repeated for each one of them independently. The fact that the terms are interrelated enables the direct calculation of a distance measure between each two terms. A measure based in information theory concepts, called semantic distance, was used. This measure was previously defined and discussed (20) and is briefly described. For each two terms it is possible to find parent terms in common. From these, the most specific one is chosen. The semantic distance value between two terms is as high as the difference between the specificity of the common parent term and of the two child terms. The specificity of a term is measured by the information content of that term and defined as follows,
where p i is the frequency of genes annotated with the term i, or with child terms of the term i, in the genome. The semantic dissimilarity is then calculated as follows,
where k varies between 1 and the number of ancestral common nodes of the two terms i and j. Thus, the distance of interest is between two genes, not between two terms, and this distance can only be calculated when each of the two genes has an annotation with at least one term. In the case of a gene having an annotation with more than one term, all the possible distances between the terms of each gene are calculated with the final ontological distance being defined by the minimum value obtained (i.e. having the shortest path in the ontology graph).
Attribution of Colors to GO Terms-
The list of all the unique GO terms used to annotate the selected set of genes for which the semantic term pairwise distance had been determined was sorted by hierarchical clustering using unweighted pair-group average. This way similar terms should be close to each other in the dendrogram order (with the exception being the ones at the edge of each cluster), which consequently will have similar colors. These colors are then used to graphically represent the distribution of GO terms across different expression profiles.
Computation of GO Clustering Coefficients-With the aim of detecting in an objective way groups of genes that were similarly expressed and at the same time were similarly annotated, GO clustering coefficients were computed (i.e. local correlation coefficients). Statistical significance of the local correlation coefficients for each gene was evaluated by bootstrapping.
Over-represented GO Terms-GO terms that appeared to be overrepresented in this set of 181 genes when compared with their frequency in the entire mouse genome were further examined by 2 and binomial testing for significant deviation (21) . The selected genes had to have a p value lower than 0.05 for at least one of the tests, and if they only achieved that value for one of the tests, the other p value should not be higher than 0.075. This double test strategy was a way to overcome the possible flaws of the 2 test for low expected frequencies and other situations where the binomial test assumptions were not completely valid. It should be noted that the binomial test uses the "term frequency in the genome" as a constant characteristic of the entire population, but some term frequencies could be biased because some areas of biology are more intensively studied than others. Additionally the binomial test is ideally applied when one takes finite samples from an infinite population; this is not the case here, but samples can be comparable if the sample size (181 in this case) is small when compared with the finite population size (ϳ12,500 probe sets on the array). From the set of terms that were considered significantly over-represented, only the ones that appeared in more than five genes (of the 181 set) were subsequently analyzed.
Analysis of Kinetics
The kinetics of photoreceptor degeneration, cGMP accumulation, and changes in gene expression for select clusters was analyzed. Outer nuclear layer thickness in the rd/rd mouse retina was fitted with an exponential decline (22) , whereas cGMP accumulation, which rises quickly between P6 and P14 (5), could be fitted with a single exponential. Gene clusters were analyzed with the same two equations.
Real Time PCR
The same RNA samples that were used to generate the biotinylated cRNA were also used for real time PCR. Equal amounts of RNA (1 g) were used in reverse transcription reactions (Invitrogen). PCR amplifications were conducted using the QuantiTect Syber Green PCR kit (Qiagen) with 0.2 mol/liter forward and reverse primers (see Table I for primer sequences, gene accession numbers, and expected lengths; each primer was designed to span an intron) and equal amounts of complimentary DNA (1 l of 1:10 dilutions). Reactions were treated with 0.01 unit/l AmpErase® uracil-N-glycosylase enzyme (Applied Biosystems) to prevent carryover contamination. Real time PCR was performed in triplicate in a GeneAmp® 5700 sequence detection system (Applied Biosystems) with the following cycling conditions: 50°C for 2 min, 94°C for 15 min, 40 cycles of 94°C for 15 s, and 58°C for 1 min. Quantitative values were obtained by the cycle number (C t value) (i.e. by using the point at which fluorescence starts to increase above background and therefore at a fixed threshold level (set at 0.15 relative fluorescence units)), which is inversely proportional to the amount of a specific mRNA species in the tissue sample from which the cDNA was derived. Relative gene expression levels were calculated using the equation y ϭ (1 ϩ AE) ⌬⌬Ct where AE is the amplification efficiency of the target gene (set at 1.0 for all calculations), and ⌬⌬C t is the difference between the mean experimental and control ⌬C t values. The ⌬C t value is the difference between the C t value for a retina-associated gene and the ␤-actin internal reference control gene (23) .
RESULTS
Our main goal was to molecularly characterize the pathways of photoreceptor degeneration in the rd/rd mouse. We therefore chose to assay gene expression in the retina of rd/rd mice from postnatal day 6 (2 days prior to the onset of retinal degeneration) through postnatal day 21 (the time point when the majority of the photoreceptors have been eliminated, and relatively little reorganization in the inner retina has occurred) (24) in steps of 3-4 days.
Normalization of Data-To extract gene expression levels from microarray data we used a recently developed model, called the positional dependent-nearest neighbor model. This model takes into account that hybridization on the microarrays is affected by the stacking energy of the nearest neighboring base pairs and the microarray surface. It has been demonstrated that this approach gives more precise and accurate expression estimates than the conventional alternatives (18) .
The identification of differentially expressed genes is based on the variance structure of the expression data and the reproducibility of gene expression profiles. Fig. 1A shows the S.D. of the log-transformed expression levels (LELs) plotted against the LEL average (Avg(LEL)) for each gene on the arrays. Hierarchical Clustering-Hierarchical cluster analysis was performed with the expression profiles of the 181 genes ( Fig.  2D ; see also supplemental material, data and cluster assignment, which lists genes and their correlation distances). The clustering tree shows that the samples fall into three clusters:
A, plot of standard deviation versus average of LEL. LEL is the log-transformed expression level according to the positional dependent-nearest neighbor model, revealing higher S.D. of data at low expression levels (Ͻ5.5) than at higher expression levels. Correlation between replicates was used to identify variable genes. In B, all genes are included, while in C, only those genes with Avg(LEL) Ͼ 5.5 were selected. Please note that if Avg(LEL) or S.D.(LEL) are low, the correlation between replicates is also low. expr, expression. one consisting of young animals (irrespective of genotype), the second one of wt mice older than P10, and the final one of rd/rd animals older than P10. The tight correlation between P6 wt and rd/rd mice indicates that there is no large scale expression difference between the two genotypes prior to the onset of ␤ phosphodiesterase expression and the start of photoreceptor cell death (see also Fig. 3 ). The somewhat closer correlation of older rd/rd mice with young animals (P6) reflects the dominance of photoreceptor genes in the retina. As rod photoreceptors outnumber all other retinal cells combined by 3.5:1 in the mouse retina (25), it is not surprising that samples lacking the majority of rod-specific genes (i.e. retina at P6, which is prior to final photoreceptor differentiation) and those that lose the majority of their rods (older rd/rd mice) would cluster together. Although samples from the same age and phenotype are tightly clustered, one or two samples show less consistency than the others when replicate samples are compared (e.g. P10C57-1 and P14RD-2).
Cluster Assignment-The hierarchical cluster analysis (Fig.  2D ) demonstrated that the genes show a striking modular behavior. To determine the number and size of the modules, the distance between adjacent genes in the dendrogram was plotted using a 3-point moving average. The resulting peaks defined the separation between clusters (Fig. 2B) . However, the peaks separating the clusters may include genes and not just separate the clusters (e.g. peak between clusters 3 and 4). Broad peaks contain genes with large distances to all of their neighbors that make their automated classification highly sensitive to the clustering threshold considered. Four genes were found under these conditions (genes 95-98) and consequently were manually associated with cluster 3. Using this procedure, six clusters were identified: cluster 1, genes 1-69 (in the dendrogram order); cluster 2, genes 70 -79; cluster 3, genes 80 -98; cluster 4, genes 99 -115; cluster 5, genes 116 -155; and cluster 6, genes 156 -181 (see also Fig. 3 and supplemental material, data and cluster assignment, for further analysis of the clusters).
Gene Ontology-The GO terms available for all the genes on the U74A arrays were used to classify the genes in the six clusters. Color schemes were built to identify the GO terms based on molecular function, biological process, and cellular component (Fig. 2, C1, C2 , and C3, right-hand color bars, respectively; see supplemental material, legend lists, for a list of GO terms used). The color coding allows for evaluation of clusters that are dominated by particular colors (i.e. dark blue for phototransduction in biological processes (Fig. 2, C2 and see A2 for legend)). However, due to the large number of annotation terms required for GO, the resulting figures are timeconsuming to interpret. Thus, we set out to determine whether genes with similar annotation cluster together according to their expression profiles. For any given pair of genes, an expression profile correlation distance and a semantic distance (one for each class of GO terms) was established. The semantic distance expresses the degree of dissimilarity between the terms with dissimilarity being based on the distance between two terms within a tree of terms (directed acyclic graph). Therefore, the genes of interest are the ones for which small expression profile distances are associated with small semantic distances. The results of this analysis demonstrated that the clustering varied significantly based both on which class of GO terms was used for the analysis and which cluster was analyzed (Fig. 2, C1-C3 , left-hand color bars, see legend for GO clustering p values at the bottom; see also supplemental material, data and cluster assignment). For example, in the molecular function category of cluster 1 (Fig. 2C1) , the GO term clustering method detected a significant number of calciumbinding proteins (light green; n ϭ 9, p Ͻ 0.001); however, they participate in different biological processes (Fig. 2C2) and are localized to different cellular compartments (Fig. 2C3 ). In cluster 5, 17 vision-related genes were identified by analyzing the biological processes category (dark blue; p Ͻ 0.001) (Fig. 2C2 ). As expected, these genes did not cluster based on molecular function or cellular compartment. In other words, the GO clustering p values for the vision-related terms in cluster 5 were correlated (red) in the biological processes category but dispersed (green) in both the molecular function and cellular component categories. Cluster 6 was found to be the most consistent. GO clustering p values in all three categories revealed clustered genes. This cluster contains mostly genes involved in cell cycle and development, such as transcription factors and cell cycle proteins, which are co-localized in the nucleus and serve similar molecular functions (see supplemental material, data and cluster assignment). Yet these genes were part of different categories when analyzed in terms of the classical gene ontology method (comparing color codes of the right-hand columns among those genes with low p values (red genes)). Taken together, our results suggest that a combined analysis for the three terms is both useful and necessary to identify co-regulated genes.
Temporal Analysis-The clusters isolated in our analysis identified significantly different time-dependent expression patterns (Fig. 3) . As shown by hierarchical clustering (Fig. 2D) , at P6 there is no difference between the genotypes in any of the clusters, whereas by P10 (or possibly earlier if time points with smaller intervals had been chosen) clusters revealed time-dependent changes: up-regulated at all age points beyond P6 in the rd/rd retina (clusters 1 and 3), up-regulated in the rd/rd retina at P10 but not later in development (cluster 2), down-regulated in the rd/rd retina (clusters 4 and 5), and not different between the rd/rd and the wt retina (cluster 6). Based on this temporal expression pattern, one would predict that the genes most detrimental for the rd/rd photoreceptors might be represented in cluster 3. Gene expression of rd/rd samples in this cluster peeled off the quickest and with the greatest difference.
Over-represented GO Terms-GO terms that were over-represented in this subset of genes when compared with their frequency in the entire mouse array were identified by 2 and binomial testing for significant deviation (21) . 18 function terms, 25 process terms, and 10 cellular component terms passed the criteria of low odd ratio and significant p values (see supplemental material, over-represented GO terms). Of particular interest with respect to the apoptotic pathway analyses were the two functional terms (complement component (p 2 ϭ 0.003 and p bin ϭ 0.004) and caspase-3 (p 2 Ͻ 0.0001 and p bin Ͻ 0.001)) and the two process terms (catabolism (p 2 ϭ 0.001 and p bin ϭ 0.001) and energy pathways (p 2 Ͻ 0.0001 and p bin Ͻ 0.0001)). To analyze the clusters in more detail, the genes in each cluster were represented based on a set of 11 process terms that were considered significantly over-represented (having a frequency in the set of Ͼ0.03; see supplemental material, overrepresented GO terms) and interpreted based on their GO (Fig.  3, pie charts) . The most significant genes represented by these GO terms are discussed below under "Discussion." Cluster 6 contains mainly cell cycle and development genes (i.e. GO terms: nucleic acid metabolism and cell proliferation) that change in parallel in rd/rd and wt mice over time, suggesting that development of the retina progresses normally in the rd/rd mice. As expected, one module contains mainly photoreceptor genes (41%) (cluster 5; i.e. GO terms: signal transduction, response to abiotic stimuli, and perception of external stimuli). The expression level of these genes drops progressively in the rd/rd mice after the onset of photoreceptor degeneration (P14 -P21). This subset contains the gene for ␤ phosphodiesterase. And finally, clusters 1 and 3 contain the genes with the most drastic changes early in retinal degeneration and might therefore represent genes involved in the early processes of apoptosis. Cluster 1 is characterized by the molecular function term "calcium binding" and contains genes for various calcium sensors that appear to be up-regulated by the massive calcium influx due to the ␤ phosphodiesterase defect (no common overrepresented GO terms available to characterize those genes). In addition, genes involved in angiogenesis and tissue remodeling were significantly elevated. Cluster 3 on the other hand is characterized by GO terms such as nucleic acid metabolism (i.e. Fig. 2B were further characterized in terms of expression levels over time (diagrams, average Ϯ S.D.) and function (biological process terms, pie charts). Please note that the color assignment is not identical to that in Fig. 2C2 as the assignment between categories would not be sufficiently different. transcription factors), immune response, catabolism, and response to biotic stimuli. A more detailed promoter study is currently being conducted to establish the potential transcriptional network that links the expression of these genes.
FIG. 3. Functional analysis. The six clusters identified in
Real Time PCR Analysis-Real time PCR analysis was used to confirm the expression levels of a small subset of interesting genes (two genes from cluster 1 (aquaporin 4 and clusterin), three genes from cluster 3 (cathepsin S, ceruloplasmin, and the complement factor 1q-␤ (C1q␤)), and one gene from cluster 5 (tubby-like protein 1)). Genes from clusters 1 and 3 were chosen because of their known involvement in apoptosis and neuroinflammation, whereas the one photoreceptor-specific gene was examined for control purposes. As shown in Fig. 4 , the expression profiles identified by gene expression arrays were matched by those determined by real time PCR, although the absolute levels were higher in the latter (Fig. 4) .
DISCUSSION
In the rd/rd mouse, an accepted model for photoreceptor degeneration in retinitis pigmentosa, the lack of functional cGMP phosphodiesterase causes an increased number of cGMP-gated channels to be in the open state due to the significant increase in intracellular cGMP (5), presumably allowing intracellular Ca 2ϩ to rise to potentially neurotoxic levels and resulting in rapid photoreceptor degeneration (6) . The present experiments were designed to examine rd-induced changes in gene expression in the retinas of these mice over time. Hierarchical clustering based on gene expression levels and gene ontology clustering based on molecular function revealed four important findings. First, postnatal rd/rd mouse retinas appear to develop normally prior to the onset of cGMP-gated channel function and the intracellular rise in cGMP. Second, early changes include increases in expression of genes encoding transcription factors and calcium-binding proteins as well as genes involved in cellular immune defense and catabolism. Third, later changes are characterized by loss of photoreceptor-specific gene expression and an increase in genes involved in blood-retina barrier breakdown. Fourth, analysis of the kinetics of the rise in cGMP and the degeneration of photoreceptor revealed kinetics similar to those of some of the dominant clusters in the gene expression analysis. Taken together, our results suggest that in photoreceptor degeneration in the rd/rd mouse, like other neurodegenerative diseases such as Alzheimer's disease, a primary insult is followed by secondary insults involving multidestructive pathways. In the rd/rd mouse these two insults appear to involve Ca 2ϩ toxicity followed by apoptosis, blood-retina barrier breakdown, and neuroinflammation.
Data Filtering and Processing-Microarray analysis is a powerful tool to examine the expression level of thousands of genes within tissue samples. However, to obtain significant results, stringent filtering criteria and appropriate processing tools are required. Here we pooled tissue from four animals of the same genotype for each sample to obtain good quality RNA, to reduce sample variability, and to reduce the number of arrays needed to generate reliable data (26) . Two samples were generated per genotype and age (five age points in total) spanning the period of photoreceptor differentiation (P6 -P10) and degeneration (P14 -P21) in the rd/rd mouse (27) . As shown in Fig. 1 , samples with low expression values (Avg(LEL)) tended to have large standard deviation (Fig. 1A) and low correlation between replicates (Fig. 1B) . Thus, stringent criteria (Avg(LEL) Ͼ 5.5; S.D.(LEL) Ͻ 0.45; and correlation between replicates, Ͼ0.8) were used for the hierarchical cluster analysis, resulting in the selection of 181 genes. Quantitative real time PCR confirmed that this level of filtering is appropriate as all genes tested (six reported here and six additional not shown) had similar levels using either method. Our results differ from those in other reports in which only some of the identified genes could be verified by real time PCR (28, 29) . However, on the flip side, the rigorous filtering probably limited the results to mainly highly expressed genes and suggests that we probably missed genes with low expression levels of possibly important functions. We are currently working on additional tools to increase the reliability of less stringent filtering techniques to prevent high false discovery rates when using a small number of replicates focusing on temporal trend analysis.
To identify the number of gene clusters, an algorithm was developed based on the correlation distance between adjacent genes in the tree (Fig. 2B) , which identified six clusters in the data set. GO clustering, a tool that is available in other microarray analysis programs (e.g. Dchip (30)), was implemented and extended for further analysis. The GO terms were represented by color schemes for easy identification (Fig. 2, C , righthand columns, and A1-A3), and semantic distances were established (Fig. 2C, left-hand columns) and analyzed for overexpressed terms. Data for each cluster could then be expressed as a time series or as a summary pie chart focusing on genes separated by small semantic distances to aid in the identification of relevant genes (Fig. 3) . Although the kinetics of gene expression coupled with correlation distance analysis was used to extract information about co-regulation, a more detailed promoter study will be necessary to establish the potential transcriptional network regulated by calcium.
Gene Expression Network-The hierarchical cluster analysis revealed that the 181 genes were clustered in six distinct patterns with different temporal patterns (Fig. 3) . Clusters 4 and 5 and to some degree cluster 2 contain genes that were downregulated in the rd/rd mouse retina. The levels of expression of these genes, which are predominantly photoreceptor-related, did not deviate significantly from wt levels until ϾP10, the onset of degeneration. The temporal pattern of gene expression in clusters 4 and 5 followed the known time course of photoreceptor cell loss in the rd/rd mouse (31) (Fig. 5B) , although, as expected, the loss of photoreceptor-specific genes (cluster 5) preceded the loss of cells. In contrast, clusters 1 and 3, which contain transcription factors, genes for calcium-binding proteins, and genes whose expression is known to be activated by calcium and/or stress, were up-regulated as early as P10, peaked at P14, and remained elevated until P21 (the latest time point studied). The temporal pattern of gene expression in Table I for primers used). The -fold changes obtained for these six genes were compared between the two methods (gene expression analysis (GEA) versus quantitative reverse transcription-PCR (QPCR)). particular in cluster 3 followed the known time course of intracellular rise in cGMP in the rd/rd mouse outer nuclear layer that peaks at ϳP14 (5) with a somewhat slower time constant (Fig.  5A ). This temporal pattern suggests that genes in cluster 3 might be induced by the rise in intracellular cGMP followed by genes in cluster 1 activated by Ca 2ϩ . Together they may be involved in the initiation and/or execution of cell death and subsequently trigger events leading to phagocytosis of these dead cells.
Early Genes-As soon as the components of the rod signal the transduction cascade, and in particular guanylate cyclase and the cGMP-gated cation channel are expressed in the rd/rd photoreceptors, cGMP, and consequently calcium levels, begin to rise (ϾP6; Refs. 5, 6). Thus, early events were expected to include transcription factors as well as calcium-related transcription. Three transcription factors, c-Fos, Egr-1, and DKK-3, were identified in cluster 3. c-Fos is expressed in the outer nuclear layer during apoptosis in the rd/rd mouse retina. However, photoreceptor degeneration could not be prevented in a c-fos rd/rd double mutant mouse presumably due to the presence of multiple apoptotic pathways (Ref. 9 and this report). Egr-1 is a transcription factor involved in programmed cell death (32) , and it has been shown to be up-regulated in the retina and lens cells in response to stress (33) .
2 Finally DKK-3 is a regulator of the Wnt pathway, a signaling network that has been shown to regulate apoptosis. In addition, it has been suggested that Wnt signaling may participate in degenerative processes leading to cell death in the aging brain (34) .
Calcium is an important intracellular signaling molecule requiring tight regulation of intracellular concentrations for optimal triggering of signaling cascades and cell survival (for a review, see Ref. 35) . In the mouse photoreceptor, normal calcium levels range between ϳ250 nmol/liter (in complete darkness) and ϳ60 nmol/liter (in the light) (36) . However, in the rd/rd photoreceptors, calcium levels are increased up to ϳ190% over wt levels (37) . Consequently messages for calcium-binding proteins and in particular calcium sensors such as calbindin, visinin-like 1, and sparc were up-regulated in the rd/rd retina. Genes activated by calcium through cAMP-response elementbinding protein sites in their promoters include genes involved in the immune response such as ␤ 2 -microglobin and major histocompatibility complex class I receptors (cluster 3 (38) ). The focus has been on calcium, while the question of cytotoxicity of high levels of cGMP remains unanswered at this time.
Late Genes-The central nervous system, like other tissues, has an efficient innate immune system that not only fights invading pathogens but also clears away toxic debris (e.g. debris caused by cell death (39) ). Apoptotic cells bind so-called "eat me" signals to promote their removal by microglia and astrocytes. Normal photoreceptor eat me signals presented to the retinal pigmented epithelium and required for normal disk shedding include the presence of detached rod outer segments (40), Gas6 (cluster1 (41)), and its receptor MerTK (42) . Pathological eat me signals include members of the classical complement pathway. C1q, which is up-regulated in the rd/rd retina (cluster 3), is produced in the brain by glial cells and neurons, and its levels are increased by tissue injury. C1q appears to bind preferentially to apoptotic cells, whereas non-dying cells protect themselves by expressing inhibitors to C1q such as clusterin (for a review, see Ref. 43 ). Co-regulation of C1q␤ and clusterin has been reported in association with focal cerebral ischemia in the mouse (44), 6-hydroxydopamine lesions in the rat (45) , and neurodegeneration due to sporadic amyotrophic lateral sclerosis in humans (46) and in this report. Clusterin (apoJ) has been reported to be localized in the retinal pigment epithelium cells and all three nuclear layers of the retina (47) and has been implicated in a number of cellular processes including lipid transport, membrane integrity, apoptosis, and neurodegeneration. Interestingly clusterin was found to be increased in patients with drusen (age-related macular degeneration (48)), in the inner nuclear layer of the rat retina after light-induced photoreceptor degeneration (47) , or in streptozotocin-induced diabetic retinopathy (49) .
Efficient clearance requires catabolic enzymes. Two enzymes were identified, cathepsin S, a cysteine protease, and peroxiredoxin 6 (cluster 3), which have been shown to be activated by oxidative stress (50, 51) . In the retinal pigment epithelium cathepsin S affects the proteolytic processing by cathepsin D of diurnally shed photoreceptor outer segments (52) . However, cathepsins have been shown to be involved in antigen processing and presentation by microglia, which are the initial steps of the immune response (53, 54) . Peroxiredoxin 6 appears to be a bifunctional enzyme serving as a lysosomal phospholipase A and a protein with antioxidative function (55) .
Photoreceptor degeneration is followed by remodeling of both neuronal and glial cells as well as the vasculature (for a review, see Ref. to be involved in extracellular matrix remodeling in a variety of brain pathologies (57) including optic nerve inflammation (58) . Fibroblast growth factor-1 is a potent angiogenic factor and is overexpressed in the retina after injury (59) . Finally aquaporin 4, which is one of the components necessary for the development and establishment of the blood-brain barrier (60) , when overexpressed in the injured brain leads to blood-brain barrier breakdown (Ref. 61 ; for a review, see Ref. 62) . Aquaporin 4 is expressed in Mueller cells in the mouse retina (63) , and its high expression in the internal limiting membrane suggests that aquaporin 4 might be involved in maintaining a fluid barrier. Taken together, these results suggest that tissue and vessel remodeling and potentially fluid barrier breakdown, possibly triggered by neuroinflammation and the resulting immune response, may contribute to the phenotype observed in these mice.
Conclusion-Photoreceptor degeneration, neuroinflammation, and vasculature remodeling are part of a major reorganization that occurs in all mammalian retinas during degeneration. Retinal degeneration can be divided into three phases: rod degeneration, cone degeneration, and a protracted remodeling phase that includes neuronal, glial, and vasculature remodeling (56) . Based on our genetic evidence, it appears that in a retina that is undergoing very fast degeneration (i.e. the rd/rd retina), these phases may not occur sequentially but rather may happen simultaneously. Our observations in the context of data from neurodegeneration in other systems suggest that photoreceptor degeneration in the rd/rd mouse consists of two insults, the primary and unavoidable insult posed by the rise in cGMP and the concomitant Ca 2ϩ influx and a secondary, possibly preventable insult triggered by the presence of dying cells, leading to oxidative stress, neuroinflammation, and tissue and vessel remodeling (i.e. leading to the activation of multidestructive pathways). Gene expression analysis has proven to be a powerful method to assign genes to the anatomical changes reported in the literature; however, further proof about coregulation using promoter studies and single cell analysis will be necessary to further corroborate our conclusions.
